ABSi 2 O 7 is a new ferroelectric material group of which ferroelectricity has been discovered recently. In this study, we focused on potassium niobate silicate (KNbSi 2 O 7 ), which comprises displacement-type ferroelectric substance KNbO 3 and high-covalence substance SiO 2 in the structure. KNbSi 2 O 7 single crystals with a size of 10 © 10 © 1 mm 3 were fabricated by the process of glass crystallization, re-melting, and slow-cooling. The polarization-electric field (P-E) curve of the KNbSi 2 O 7 crystal was evaluated and KNbSi 2 O 7 evidently showed ferroelectricity in the direction of c axis. The value of the spontaneous polarization was estimated to 0.11¯C/cm 2 . The dielectric permittivity was approximately 15 for both a and c axes at 1 MHz, and this material was found to be a ferroelectric material with low dielectric permittivity.
Introduction
ABSi 2 O 7 is a new ferroelectric material group of which ferroelectricity has been discovered recently.
1) ABSi 2 O 7 comprises the typical displacement-type ferroelectric substance ABO 3 and high-covalence substance SiO 2 . Therefore, ABSi 2 O 7 is expected to have high insulating resistance and temperaturestable performance as well as ferroelectricity. Moreover, it is important to understand the role of SiO 2 in the dielectric and ferroelectric properties of ABSi 2 O 7 for the development of nextgeneration dielectric material.
In this study, we focused on potassium niobate silicate (KNbSi 2 O 7 ), which comprises KNbO 3 and SiO 2 in the structure, as shown in Fig. 1 . The crystal structure of KNbSi 2 O 7 belongs to non-centrosymmetrical polar space group P4bm with a = 8.741, c = 8.136, Z = 2.
2), 3) Compared to potassium niobate (KNbO 3 ), which has perovskite-type structure, SiO 4 tetrahedrons are interposed between NbO 6 octahedrons. This material is expected to have good heat resistance and withstand voltage characteristic by the presence of the high-covalence SiO 4 tetrahedrons.
The ferroelectricity of KNbSi 2 O 7 has been reported by M. C. Foster and co-workers. 4) They fabricated KNbSi 2 O 7 polycrystalline ceramics and measured the polarization-electric field (P-E) hysteresis of the ceramics. The anisotropies of dielectric and ferroelectric properties of KNbSi 2 O 7 remain unclear. It is essential to evaluate the dielectric and ferroelectric properties of KNbSi 2 O 7 single crystal, including the anisotropy of these properties.
It is known that KNbSi 2 O 7 has very high optical nonlinearity with its second harmonic generation (SHG) signal greater than the one for ¡-quartz.
2),5) Therefore, previous studies on KNbSi 2 O 7 mainly focused on its nonlinear optical property.
5)8)
It is noted that ceramics, glass-ceramics, and glass of KNbSi 2 O 7 and similar compositions have been fabricated, 9)17) but the fabrication of KNbSi 2 O 7 single crystal has not been reported yet.
In this study, we fabricated KNbSi 2 O 7 single crystal with sufficient size and evaluated the dielectric and ferroelectric properties of KNbSi 2 O 7 single crystal, including the anisotropy of these properties.
Experimental procedure
At first, we attempted to fabricate a KNbSi 2 O 7 single crystal by a gradual cooling method. The stoichiometric mixed powder of KNO 3 (Wako Pure Chemical Industries, 99.9%), Nb 2 O 5 (Kanto Chemicals, 99.95%), and SiO 2 (quartz, Kojundo Chemical Laboratory, 99.9%) was ball-milled in ethanol for 24 h. The milled powder was heated at 500°C in an alumina crucible (SSA-S) for 1 h to decompose KNO 3 , and at 1200°C for 20 h to melt the sample completely. The melt was cooled slowly at 25°C/h to room temperature. Regardless of the cooling speed, the melt turned to a homogeneous glass phase, i.e., the nucleation of KNbSi 2 O 7 crystal was not observed. Then, a fabrication of KNbSi 2 O 7 single crystal by a glass crystallization technique was attempted. 5) In this method, the following two processes were adopted. Process A: the stoichiometric mixed powder was melted at 1200°C for 20 h. The melt was cooled at 300°C/h to room temperature to obtain homogeneous stoichiometric glass. Then, the glass was annealed at 1100°C for 20 h, followed by cooling at 300°C/h to room temperature. Process B: the stoichiometric glass was prepared as the similar procedure of process A. The glass was annealed at 1100°C for 20 h, followed by heating at 1180°C (the melting point of KNbSi 2 O 7 ) for 3 h, and then slowly cooled at 2°C/h to 1100°C and finally cooled at 300°C/h to room temperature. The crystal formation was confirmed by the X-ray diffraction (XRD) measurement (Rigaku RINT2000, Cu K¡, 50 kV, 40 mA). The crystal orientation was identified by the Laue back-reflection method (Rigaku Geiger Flex, W K¡, 40 kV, 30 mA). For the dielectric and ferroelectric measurements, we prepared two types of plate-shaped specimens with (100) and (001) principal surfaces, respectively, by cutting and polishing of the crystal. Au circular electrodes with diameter of 1 mm were formed on the facing surfaces by DC sputtering technique.
The P-E curves in the directions of a and c axes were measured using a ferroelectric test system (Radiant, Precision LC) at 1 Hz. Moreover, the complex dielectric permittivities in the frequency range from 1 kHz to 10 MHz were measured using an impedance analyzer (Agilent 4294A).
Results and discussion
As a result of melting and slow-cooling of the mixed stoichiometric powder, the melt turned to homogenous glass phase even at a slow cooling speed of 2°C/h. This result suggested that the nucleation rate of KNbSi 2 O 7 was considerably low. It is extremely difficult to fabricate KNbSi 2 O 7 single crystal by the gradual cooling method. We therefore attempted to fabricate KNbSi 2 O 7 single crystal by the glass crystallization technique. In both processes A and B, homogeneous stoichiometric glass as shown in Fig. 3 was firstly prepared by melting and cooling of the mixed stoichiometric powder. In the process A, the stoichiometric glass was annealed at 1100°C for 20 h for the crystallization. Figure 4 shows the sample obtained by process A. The glass transformed to polycrystal which contained numerous crystal nuclei [ Fig. 4(a) ]. From the polycrystal, tabular crystal specimens with a maximum size of 4 © 4 © 0.5 mm 3 were obtained [ Fig. 4(b) ]. In the process B, the stoichiometric glass was annealed at 1100°C for 20 h, followed by heating at 1180°C (the melting point) for 3 h, and then slowly cooled at 2°C/h to 1100°C. In this process, the number of crystal nuclei decreases by partial melting, and then the crystals grow to a larger size by slow-cooling. Figure 5 indicates that plateshaped crystals with larger sizes around 10 © 10 © 1 mm 3 were successfully obtained by the process B. The obtained crystals were colorless and transparent. Figure 6 (a) shows the XRD pattern of cleavage surface of plate-shaped sample. Only the 00l reflections of tetragonal KNbSi 2 O 7 were detected. This result indicated that the obtained sample was a tetragonal KNbSi 2 O 7 single crystal with no impurity and the principal surface was (001) plane. For the dielectric and ferroelectric measurements, we prepared two types of plate-shaped specimens with (100) and (001) principal surfaces, respectively, by cutting and polishing of the crystal. Figure 6(b) shows the XRD pattern of the specimen with (100) principal surface. After forming Au electrodes, the P-E curves in the direction of a and c axes were measured as shown in Figs. 7(a) and 7(b) , respectively. Ferroelectric hysteresis loop was obtained only in the direction of c axis. To make clear the existence of spontaneous polarization, the remanent charge measurement 18) was also performed. In the typical polarization measurement as shown in Fig. 7(b) , the detected charge Q s due to switching pulse includes the remanent charge Q r as well as the non-switching charge Q ns . In the remanent charge measurement, the rectangular voltage is applied in the same direction for the second time in a row. The charge Q s due to the first switching pulse includes the remanent and non-switching charges. In contrast, the current response to the second non-switching pulse includes only the non-switching charge Q ns . Subtracting the nonswitching charge from the switching one leads to remanent charge Q r , expressed in Eq. (1).
Figure 7(c) shows the remanent polarization curve of KNbSi 2 O 7 single crystal for c axis. Ferroelectric hysteresis loop was evidently observed and the spontaneous polarization P s and coercive electric field E c were estimated as 0.11¯C/cm 2 and 8.5 kV/cm, respectively. The estimated P s value was substantially lower than the previously-reported value of 5¯C/cm 2 for KNbSi 2 O 7 ceramics. 1) On the other hand, the estimated E c value was considerably higher than the previously-reported value of 0.7 kV/cm. These results suggested that the low P s value for KNbSi 2 O 7 single crystal is caused by the difficulty in polarization switching of single domain state due to the high coercive field.
Since the difficulty in polarization switching is dependent on the defect concentration in perovskite-type dielectrics, 19) vacancies such as V K B and V O •• may possibly be related to the low P s value for KNbSi 2 O 7 single crystal.
The dielectric properties in the direction of a and c axes are shown in Figs. 8(a) and 8(b) , respectively. The dielectric permittivity ¾' for a axis was 20 to 15 at kHz to MHz frequencies. On the other hand, the dielectric permittivity ¾' for c axis was estimated to be 65 to 15 with a dielectric relaxation in the range of kHz to MHz. Although the origin of the dielectric relaxation is unknown, it might be the relaxation of interfacial polarization due to absorbed water on cleavage surfaces. In any case, it was found that KNbSi 2 O 7 was a low-permittivity ferroelectric material with several tens of relative permittivity.
Conclusions
In this study, KNbSi 2 O 7 single crystal with a size of 10 © 10 © 1 mm 3 was fabricated by the process of glass crystallization, re-melting, and slow-cooling. The P-E curve of the KNbSi 2 O 7 crystal was evaluated and KNbSi 2 O 7 evidently showed ferroelectricity in the direction of c axis. The value of the spontaneous polarization was 0.11¯C/cm 2 , and the difference from the previous reported value suggested the effect of high coercive electric field. The dielectric permittivity was estimated to be approximately 15 for both a and c axes at 1 MHz, and this material was found to be a ferroelectric material with low dielectric permittivity. In further work, the insulating resistance and dielectric properties of this material at high temperature should be investigated with the view of high temperature and high power applications. 
